Chemical mutagenesis induces variations that may assist in the identification of targets for adaptation to growth under atmospheric CO 2 enrichment. The aim of this work was to characterize the limitations causing reduced photosynthetic capacity in G132 mutagenized barley (Hordeum vulgare L. cv. Graphic) grown in a glasshouse.
Introduction
The development of new crop varieties and agronomic practices led to an increase in food production in the 1960s and 1970s, but several recent studies indicate that yields may no longer be increasing in different regions of the world [1] . The demand for crops has similarly being increasing since 1960, and may rise by 100%-110% between 2005 and 2050 [2] . Yields in four major crops -maize, rice, wheat, and soybean-are increasing at 0.9%-1.6% per year, which is less than the annual rate of 2.4% required to double global production by 2050 [1] . Climate trends can account for ~10% of the yield stagnation observed in Europe over the last two decades; thus, temperature and precipitation changes in Europe have reduced average wheat and barley yields by 2.5% and 3.8%, respectively [3] . Consistent with these climate effects on crops a study on 138 spring barley accessions found that grain yield decreased by 29%, with a concurrent rise in temperature (+5 ºC) and CO 2 concentration (700 µmol mol -1 ), in spite of the 16% yield increase caused by elevated CO 2 [4] . In addition to changes in agricultural subsidies and environmental policies [3] , proximity to the theoretical peak in biomass allocation to the harvestable part of agricultural crops is a likely explanation for declining yield increases [5, 6] . Extending the cultivated land area is not a sustainable option, and thus the productivity of existing arable land will have to be improved. It is generally accepted that the only way to improve yield potential is through an enhancement of radiation use efficiency [6] . Studies with crops grown under elevated CO 2 conditions [5] and model simulations [7] indicate that increasing photosynthetic performance may raise efficiency in energy conversion and increase crop yields to meet global food demand [8] in the future's, CO 2 -rich atmosphere.
As CO 2 increases, photosynthesis in C 3 crops shifts from a Ribulose-1,5-bisphoshate carboxylase oxygenase (Rubisco) limitation to a Ribulose-1,5-bisphosphate (RuBP)-regeneration limitation [9] . Therefore, one way to improve crop adaptation to atmospheric CO 2 enrichment may be to increase the capacity for RuBPregeneration to match the enhanced rates of carboxylation. Similarly, there is evidence of increases in the RuBP-regeneration capacity of crops under elevated CO 2 . Thus, fructose-1, 6-bisphosphatase levels increased in Lolium perenne grown at high nitrogen supply [10] , and the content of Rubisco decreased in tobacco while that of other Calvin-Benson enzymes increased [11] . The impacts on photosynthesis of changes in the activity of several Calvin-Benson cycle enzymes have been assessed in studies of antisense transformants. Photosynthesis is inhibited by decreases in contents of cytochrome b 6 f, which is involved in photosynthetic electron transport, and thus in RuBP-regeneration [19, 20] .
Conversely, SBPase overexpression increased carbon fixation and photosynthesis enhancement in plants grown in elevated CO 2 [8] . The use of a numerical simulation to optimize resource allocation among enzymes of carbon metabolism in elevated CO 2 (700 µmol mol -1 ) has revealed that Rubisco and the enzymes of photorespiration should decrease, while the other enzymes of the Calvin-Benson cycle, sucrose synthesis in the cytosol and adenosine diphosphate glucose pyrophosphorylase should increase [7] . These studies present the perspectives of increasing photosynthetic efficiency through manipulation of the enzymes involved in carbon fixation.
Traditional breeding has not considered the response to rising ambient CO 2 as a selection criterion [21] , and yet genetic improvement, either through breeding or biotechnology, may provide a direct strategy for increasing yields osdwarf4-1, with erect leaves which increase light capture for photosynthesis, has enhanced grain yields; the mutation affects a cytochrome P450 involved in brassinosteroid biosynthesis [33] . The T-DNA knockout mutant for chloroplastic fructose-1,6-bisphosphatase [34] , and the T-DNA insertion null mutant for plastidic phosphoglucose isomerase [35] display lower rates of photosynthesis.
This article reports the characterization of a barley mutant, selected in elevated CO 2 conditions, which shows decreased carbon assimilation rates. The aim of this work was to understand the causes of the mutant's reduced photosynthetic capacity and the limitation of this capacity by Rubisco activity, RuBP-regeneration or triose-phosphate use (TPU). To achieve this goal, we determined photosystem II quantum efficiency and gas exchange, and analysed Rubisco content and activity. These measurements were complemented with nitrate reductase activity assays and analyses of proteins, amino acids and nitrate, to explore possible limitations to the synthesis of photosynthetic components. Furthermore, we determined the contents of soluble carbohydrates, which are synthesized from carbon fixed in photosynthesis and make up the bulk of plant biomass, and the abundance of transcripts involved in all these processes. To assess the possible changes with development in the effects of the mutation, our approach was to consider different leaf and plant growth stages. The consequences for growth of the mutation were appraised by determining plant dry matter at the vegetative stage and at maturity. The longer-term goal would be to assist in the identification of targets for adapting to growth under atmospheric CO 2 enrichment. 1 ), representing successive leaf developmental phases, at the growth stages of 3-4 leaves or 5-7 leaves (13-14 or 15-17 stages of the Zadoks scale [36] , respectively), with WT being more developed than G132.
Material and methods

Plant material and growing conditions
Chlorophyll fluorescence and gas exchange
The chlorophyll (Chl) fluorescence quenching analysis followed the procedure described by Pérez et al. [37] to record the maximum quantum efficiency of Photosystem II (PSII) (Fv/Fm) after 20 min darkness, as well as the PSII operating quantum efficiency (Fq'/Fm'), the fraction of PSII centres in the open state (qL) and the quantum yield of non-photochemical quenching ( NPQ ) in light adapted leaves (1000 µmol m -2 s -1 ).
Gas exchange was measured in the central segment of leaves using a 1.7 cm 2 -window leaf chamber connected to an infrared gas analyser (PLC6 [rice] and CIRAS-2, respectively, PP Systems, Amesbury, MA, USA). The air flow rate was 300 ml min -1 , leaf temperature was kept at 20 ºC using the Peltier system in the leaf chamber, irradiance was set at 1000 µmol m -2 s -1 provided by red LEDs supplemented with white ones, and the vapour pressure deficit was 0.95±0.12 kPa. The irradiance was not above 1000 µmol m -2 s -1 to prevent photo-inhibition in leaves adapted to grow in 400 µmol m -2 s -1
. The gas exchange-CO 2 response curves were recorded by decreasing 7 CO 2 concentration in five steps from 390 to 60 µmol mol -1 followed by an increase from 390 to 1800 µmol mol -1 in six steps. Gas exchange parameters were recorded as soon as ambient CO 2 concentration was stable, but not necessarily steady-state [38] . The leaks into or out of the leaf chamber were considered [39] . The photosynthesisintercellular CO 2 concentration (C i ) responses were used to determine the maximum rate of Rubisco-catalysed carboxylation (V cmax ), the potential rate of photosynthetic electron transport (J), the mitochondrial respiration rate in the light (R d ), and the limitations of photosynthesis by Rubisco, RuBP regeneration or TPU, according to Farquhar et al. [40] , fitting the model with the LeafWeb utility [41] .
Chlorophyll and protein analysis
At mid-morning on the growth stages indicated above, five replicate samples of the three uppermost leaves were harvested per genotype, each consisting of five leaves from different plants; each leaf was cut, immediately plunged into liquid nitrogen under illumination and then stored at -80 ºC until analysed. Subsamples (100 mg) of frozen leaf material were ground to a fine powder in a mortar with 1.5 ml of 50 mM N- ºC, made up to 80% acetone concentration and centrifuged at 13000 g for 5 min. Chl was determined according to Arnon [42] .
Part of the leaf extract was centrifuged at 13000 g at 4 ºC for 30 min and soluble protein was determined in an aliquot of the decanted supernatant [43] . For total protein analysis, 800 µl of a mixture of 20 % trichloroacetic acid and 0.07 % -mercaptoethanol in acetone were added to 800 µl of the leaf extract, and the mixture was kept at -20 ºC for 2 h for protein precipitation. Following centrifugation at 13000 g at 4 ºC for 15 min, the supernatant was discarded. The precipitate was washed three times with 1 ml acetone with 0.07 % -mercaptoethanol, incubated 30 min at -20 ºC and centrifuged at 13000 g at 4 ºC for 15 min, discarding the supernatants. The precipitate was dried at 40 ºC for 30 min. This was followed by the addition of 800 µl of 50 mM tris(hydroxymethyl)aminomethane (Tris) buffer pH 8.0, 100 mM sucrose, 3.5 % sodium dodecyl sulfate (SDS, w/v), 1 mM EDTA, 0.07 % -mercaptoethanol, and the solution was shaken for 20 min at room temperature, followed by another 20 min at 70 ºC. After cooling, the extract was centrifuged at 15000 g for 15 min at room temperature. Total protein was determined in the supernatant [44] . Membrane protein content was estimated as the difference between total and soluble protein contents.
The quantitation of Rubisco protein by sodium dodecyl sulfate (SDS) polyacrylamide gel electrophoresis and Western blotting was carried out as described [37] , except that the samples loaded onto the gel contained 1.5 µg (WT) or 6 µg (G132) of protein, the antibody for the Rubisco large subunit detection (anti-RbcL rabbit polyclonal AS03 037, Agrisera) and the secondary antibody (goat anti-rabbit IgG horseradish peroxidase conjugated AS09 602, Agrisera) were diluted at 1:50000, and a ChemiDoc MP System (Bio-Rad) was used for luminescence detection, using purified Rubisco as a standard.
Nitrate, amino acid and carbohydrate analysis
Additional subsamples (100 mg) of frozen and ground leaves were sequentially extracted with ethanol and water [45] . The extracts were used for the spectrophotometric analysis of nitrate at 210 nm [46] , amino acid analysis by the ninhydrin colorimetric method at 570 nm [47] , and enzymatic analyses of free glucose and fructose, sucrose, fructans and starch coupled to NADP reduction, recorded either at 460 nm with excitation at 340 nm with a fluorometer (glucose and fructose, [48] ), or at 340 nm with a spectrophotometer [45] .
Enzyme activity assays
Frozen leaf aliquots (80 mg) were ground in a buffer and used for in vitro coupled spectrophotometric assays of initial and total Rubisco activity [37] by continuously recording the decrease in absorbance at 340 nm due to NADH oxidation, with a stoichiometry of 2:1 with RuBP carboxylation. To assay total Rubisco activity, the extracts were first incubated with NaHCO 3 and MgCl 2 in the absence of RuBP for 10 min. The activation state was estimated as initial activity, as a percentage of total activity. Frozen leaf material (150 mg) was extracted for nitrate reductase assay according to Morcuende et al. [45] . The activity of nitrate reductase was measured in the absence of magnesium (maximal activity) and in the presence of 10 mM magnesium acetate (selective activity, the phosphorylated form of the enzyme) in the assay buffer. The activation state of the enzyme was given as selective activity, as a percentage of maximal activity.
Analysis of transcripts by qRT-PCR
Based on the results of a microarray analysis of WT and G132 primary leaves, to be reported elsewhere, a series of genes were selected for the qRT-PCR analysis of transcript levels. The genes selected and the corresponding designed primers are listed in Supplementary 
Statistical analysis
For each growth stage, the experiment consisted of two genotypes and three leaf positions, with five replicates. Factor effects and interactions were determined through analysis of variance with no blocking (GenStat 6.2). The standard errors of differences and least significant differences were obtained to assess differences between means.
Results
A feature of the G132 mutant was that emerging leaves showed a marked chlorosis, from which they progressively recovered, whereby the penultimate leaf from the apex was typically greener than the uppermost leaf ( Supplementary Fig. 2a ). G132 seedlings grew at a slower rate than their WT counterparts ( Supplementary Fig. 2b ).
Chlorophyll fluorescence
The maximum quantum efficiency (Fv/Fm, Table 1 ) and the PSII operating quantum efficiency (Fq'/Fm') were significantly lower in G132 than in WT at the two growth photochemical quenching ( NPQ ) was higher in G132 and showed no significant difference with leaf age, although it tended to decline in older leaves of G132 at the first sampling.
Gas exchange
No gas exchange was recorded in leaf c at the 13-14 growth stage due to the sample's small size relative to the CIRAS-2 leaf chamber window. The maximum rate of Rubisco-catalysed carboxylation (V cmax ) was lower in G132 than in WT at both growth stages (Table 2 ). V cmax tended to increase from leaf a to leaf b in both genotypes at the 13-14 growth stage, but the difference was not significant (Table 2) ; at the 15-17 stage, V cmax was similar in successive leaves in the two genotypes. It was not possible to determine the potential rate of photosynthetic electron transport (J) from the photosynthesis-CO 2 response curves in G132 because V cmax limited photosynthesis at all CO 2 concentrations (Fig. 1 ). The fitting of the A-C i curves showed no TPU limitation of photosynthesis. In turn, J was similar among WT leaves at both growth stages, with a (non-significant) downward trend with leaf age at the last one. transpiration rates (E) were higher in G132 than in WT at both growth stages (Table 2) .
Exceptions with no significant differences between genotypes were A measured with ambient CO 2 in leaves b and c at the 15-17 stage, g s recorded with elevated CO 2 at the first growth stage, and E measured with elevated CO 2 at both stages. At the first sampling date, A was lower in leaf a than in leaf b in G132, being significantly so with elevated CO 2 , and showed no significant differences between WT leaves. At the 15-17 growth stage, A decreased from leaf a to leaf c in both genotypes. No difference was recorded among leaves in C i , g s and E at any growth stage, except for the decreases with leaf age in g s in both genotypes and in E in G132 with measurements in ambient CO 2 at the 15-17 stage.
Chlorophyll contents
Total Chl and Chl a contents were lower in all G132 leaves compared to WT (80% of the latter, on average) at the first growth stage, and lower in leaf a, but similar in the two older leaves at the 15-17 stage ( 
Nitrogen compound content
Rubisco, soluble, membrane and total protein contents were lower in G132 than in WT at both plant growth stages (31%, 59%, 82% and 69% the WT contents, respectively, at the 13-14 growth stage, and 39%, 72%, 53% and 65% of this content at the 15-17 stage; Table 3 ). Therefore, Rubisco protein in G132 decreased more than other proteins relative to WT, accounting for most of the soluble protein decrease.
Membrane protein content decreased in G132 relatively less than soluble protein at the 13-14 stage, but decreased more than soluble protein at the 15-17 stage. In addition, genotypic differences in the content of proteins, especially Rubisco, were greater than those found in Chl contents (see above). At the first sampling date, Rubisco protein content in G132 increased from leaf a to leaf b and declined in leaf c, while the youngest leaf had more Rubisco protein than the older ones in WT. In both genotypes, soluble, membrane and total protein contents among leaves followed the same pattern as Rubisco in G132. The content of soluble protein excluding Rubisco was lower in leaf b than in the other leaves in G132, whereas it increased from leaf a to leaf b and decreased in leaf c in WT. As development progressed (15-17 stage), all protein fractions decreased as leaves aged in WT, while they showed little differences among leaves in G132. The Western blots showed a 33 kDa polypeptide that reacted with the Rubisco large subunit (RbcL) antibody. As a fraction of total RbcL, the 33 kDa polypeptide was greater in G132 than in WT at both growth stages, particularly at the second one. The oldest leaf had more 33 kDa polypeptide as a fraction of total RbcL than the youngest one at both growth stages in both genotypes.
Like protein content, amino acid content was lower in G132 than in WT at both growth stages (Table 3 ). The amino acid content showed no significant differences among leaves at the 13-14 stage (Table 3) , although it tended to decrease in the antepenultimate leaf relative to the younger ones. At the second sampling date, the amino acid content decreased with leaf age in both genotypes. In contrast with the amino acid content, the overall leaf nitrate content in the mutant was not lower at the 13-14 stage, and surpassed that of WT at the 15-17 stage. Among leaves, leaf c in both genotypes had a lower nitrate content than the younger leaves at the 13-14 stage, but this difference disappeared at the 15-17 stage.
Carbohydrate contents
At the first growth stage, the free hexose content was almost undetectable (under 0.3 µmol g Fwt -1 ) even with the fluorometric method used. The contents in the remaining carbohydrates analysed (Table 4) Except for starch, whose content was lower in the youngest leaf than in the preceding leaves in both genotypes (Table 4) , there were no significant differences among leaves in terms of carbohydrate contents at the 13-14 growth stage.
Nevertheless, in G132 these compounds showed a trend to increase from the last to the penultimate leaf and to decrease in the antepenultimate one, while in WT the carbohydrate contents increased with leaf age. At the 15-17 stage, there were no significant differences in carbohydrate contents among G132 leaves, while sucrose and starch decreased with leaf age in WT.
Enzyme activities
The initial and total Rubisco activities were lower and the activation state of the enzyme was higher in G132 than in WT at both growth stages (Table 5) . No significant differences were recorded among leaves in terms of Rubisco activity or activation state at the first growth stage (Table 5) , although initial and total activities in G132 tended to increase from the youngest to the penultimate leaf, and then decrease in the antepenultimate one. At the 15-17 growth stage, initial and total Rubisco activities showed significant downward trends from the youngest to the oldest leaves, particularly in WT, while there were no differences among leaves in the activation state.
The maximal and selective nitrate reductase activities and the enzyme's activation were lower at the 13-14 growth stage, but higher at the 15-17 stage in G132 than in WT. This shift was due to the sharp decrease in nitrate reductase activity of WT at the second sampling compared to the first. Like Rubisco activity and activation, nitrate reductase maximal and selective activities and activation states increased at the first growth stage from the ultimate to the penultimate leaf and declined in the oldest one in G132, while minimal differences were recorded in WT. At the second sampling, the nitrate reductase activity and activation state were similar among leaves, although in WT the activity tended to increase with leaf age.
Transcript profiling
Both at the 13-14 and the 15-17 growth stages, the transcript levels for proteins linked to photosynthesis were enhanced in G132 relative to WT: PSII light harvesting complex (LHCII) and psbP, Photosystem I (PSI) psaA and psaB, and the Rubisco large subunit (rbcL); as well as the chloroplast RNA polymerase alpha subunit (Supplementary Tables 2 and 3 ). In contrast, at both growth stages a decrease was recorded in transcript levels for the PSII extrinsic protein psbQ, the mitochondrial Summarizing this section, we recorded seven up-regulated genes and five downregulated ones at both growth stages in G132 relative to WT, plus eight up-regulated and eight down-regulated genes at either the first or second of these stages (Fig. 3) .
Comparing the youngest leaf with the two preceding ones, there were seven up-total of 13 and seven genes were up-and down-regulated, respectively, in one or both genotypes at either the first or the second growth stage.
Plant growth
At the 15-17 growth stage, plant dry weight in G132 was approximately 25% that of WT (Table 6 ). Thereafter, the duration of G132 growth through to maturity was longer (16 more days) and was probably faster than in WT, whereby the grain and total dry weights, although somewhat lower in G132, were not significantly different from those in WT. The ratio of grain to total dry weight at maturity (harvest index) was similar in both genotypes.
Discussion
The sharp decrease in photosynthesis in the G132 mutant compared to WT was associated with the inhibition of the maximum quantum efficiency of PSII photochemistry (Table 1) . This inhibition was accompanied by a lower Chl content (Fig.   2 ), especially at the 13-14 Zadoks growth stage. The analysis of transcript abundance at this stage revealed a repression of transcripts for PORA (Supplementary Table 2) , whose scarcity could limit Chl synthesis either directly [51] or by inhibiting aminolevulinate formation through protochlorophyllide accumulation [52] . The higher transcript levels for LHCII in G132, together with low Chl a/Chl b ratios in younger leaves, could point to the depletion of PSII reaction centres relative to light harvesting complexes [53] , although the Chl a/Chl b ratio could also be due to increased PSII:PSI ratios [54] . There are also likely to be decreases in G132 of other transcripts and proteins [55] . In addition, the abundance of psbQ transcript decreased in G132 at both growth stages. Although psbQ is required in low light conditions [56] , it is not essential for the regulation and stabilization of PSII under normal growth conditions [57] . On the other hand, psbQ can play a role in grana stacking [58] , so that its deficiency, together with decreased membrane protein content in G132 (Table 3) In illuminated leaves, the low Fq'/Fm' in G132 and, at the 13-14 growth stage, the increase in this parameter in older G132 leaves, were not due to changes in the fraction of open PSII centres (qL). The increases in G132 and decreases in older G132 leaves in NPQ accounted for differences in Fq'/Fm' [59] . Although repressed mitochondrial alternative oxidase 1A expression in G132 could deprive the mutant of a photoprotective mechanism [60] , efficient non-photochemical quenching may have avoided an overreduction in the chloroplast. At the later plant growth stage (15-17), leaf ageing decreased qL while Fq'/Fm' and NPQ remained almost constant, implying an increase in the quantum efficiency of open PSII centres. Overall, the differences in Fq'/Fm' and NPQ between genotypes and consecutive leaves may be attributable to changes in CO 2 assimilation (Table 2 ) and the corresponding use of electron transport products.
The high stomatal conductance of G132 (Table 2 ) was proposed to be related to a higher ratio of electron transport to carboxylation capacities and to lower gene expression for SLAH3 [61] . The elevated stomatal conductance implies that photosynthesis was not restricted by CO 2 diffusion into the intercellular air spaces. Differences in mesophyll conductance, which was not determined in this experiment, can affect V cmax estimations. However, the measurements of Rubisco protein content and in vitro activity rule out mesophyll conductance as the sole cause for the sharp photosynthesis decrease in the mutant. G132 had Rubisco-limited photosynthesis up to very high atmospheric CO 2 concentrations (Fig. 1) , indicating that carboxylation capacity, rather than photosynthetic electron transport or TPU capacities, strongly inhibited CO 2 assimilation. A similar result was obtained with Rubisco antisense plants with decreased Rubisco activity [9] . Declines in G132 relative to WT of V cmax (Table 2) and in vitro Rubisco activity (Table 5) were due to a drop in Rubisco protein content (Table 3) , which was selective among soluble proteins. Rubisco synthesis ends soon after the time of maximum leaf expansion, while Rubisco degradation continues during senescence [62] . Either nitrogen availability [63] or transcription regulation [62] may be the major determinant of the rate of Rubisco biosynthesis. The similar or greater nitrate content, but lower amino acid content in G132 than in WT (Table 3) could suggest an inhibition in the mutant of nitrogen assimilation and protein synthesis at the nitrate reduction step. Indeed, G132 had lower in vitro nitrate reductase activity than WT (Table 5 ) at the 13-14 growth stage. However, the opposite occurred at the 15-17 stage, when the level of nitrate reductase transcript also increased sharply in the mutant (Supplementary Table 3 ). Moreover, limited nitrate reductase activity cannot account for the preferential decrease in Rubisco, which could be due to some other cause. Consistent with our results, nitrate reductase activity decreased in tobacco mutants with a reduced number of functional copies of nitrate reductase genes, but Rubisco activity did not [64] . Notably, the transcript abundance for the Rubisco large subunit and, at the 15-17 growth stage, also for the small subunit, was greater in G132 than in WT (Supplementary Tables 2 and 3 ), implying that the mutant's low enzyme content is not attributable to reductions in Rubisco gene expression. The altered abundance of Rubisco transcripts was not mirrored by changes in the transcript levels involved in chromatin structure, which were lower in the mutant, or in chloroplast ribosomal proteins, which increased in G132 at the 13-14 growth stage, but decreased at the 15-17 stage. Independently of gene expression, mRNA processing, edition and stability, as well as translation initiation, play a major regulatory role in chloroplast protein synthesis [65] . Thus, although low Rubisco content in G132 could depend, at least in part, on Rubisco synthesis, it was clearly not related to restrictions in gene expression for this enzyme.
Remarkably, compared to WT, G132 had higher content of a 33 kDa polypeptide that reacted against a Rubisco large subunit antibody (Table 3) . Different Rubisco large subunit fragments have been described [66, 67] that are Rubisco degradation products.
Oxidising conditions enhance Rubisco degradation, which involves the oxidation of cysteine residues [68] , cysteine proteinases [69] and peptidases [70] . The results indicate that an increase in Rubisco degradation largely accounts for the low Rubisco content in G132. This content increased in step with leaf development at the earlier growth stage, but never reached the Rubisco content in WT. The decline in Rubisco protein with leaf age was associated, particularly in WT at the 15-17 stage, with the decreased transcripts for the Rubisco small subunit and increasing content of the 33 kDa polypeptide (Table 3) . These changes are consistent with those reported by Suzuki et al. [51] for senescing rice leaves. At the 15-17 growth stage, the contents of Rubisco and other proteins were similar among G132 leaves of different ages, which contrasted with a decreasing content in WT as leaves aged. This genotypic difference suggests a delay of leaf senescence in the mutant.
The low photosynthesis rate in G132 was probably the cause of decreased nonstructural carbohydrate contents (Table 4) , which was particularly strong for starch.
Reduced flux through the Calvin-Benson cycle may lead to low levels of 3-phosphoglycerate that negatively affect ADP-glucose pyrophosphorylase activity [71] and starch synthesis. The preferential inhibition of starch accumulation shows that assimilated carbon is shifted towards sucrose synthesis, which can be used for export and growth [14] . The marked decrease in fructan content in G132 was correlated with the repression of gene expression for fructan synthesis at the 13-14 growth stage (Supplementary Table 2 ).These drops were mitigated (fructan content) or disappeared (fructan transcripts) at the 15-17 stage (Supplementary Table 3 ). The differences in fructan content and transcript abundance between genotypes did not correlate with nitrate content (Table 3) , which is a negative signal for fructan synthesis [45] , while changes between plant growth stages were associated with declining nitrate content. In turn, the lower sucrose content (Table 4) , which is a substrate and also an effector for fructosyltransferase activity [72] , could limit fructan accumulation in G132, especially at the 13-14 growth stage. Together with the drop in nitrate content, a higher sucrose content at the 15-17 growth stage could favour fructan synthesis. It is therefore likely that starch content in G132 decreased due to the metabolic regulation of enzyme activity, while fructan content decreased due to the metabolic regulation of gene expression. Like protein content, starch, sucrose and fructan contents at the 15-17 growth stage decreased with leaf age in WT, but not in G132, which again suggests that senescence was delayed in the mutant.
According to observations in Rubisco antisense plants [73] , G132 developed slowly with delayed senescence. Reduced photosynthetic rates and starch and sucrose contents are correlated with increases in specific leaf area (SLA) in Calvin-Benson cycle antisense plants [74] . We have observed (Córdoba et al. unpublished) increases in SLA in G132 compared to the WT, together with a decreased expression of genes for cell wall constituents. The trend towards a lower xyloglucan endotransglycosylase transcript level in younger G132 leaves at the 13-14 growth stage is consistent with this finding. A higher SLA may compensate for the decrease in photosynthetic capacity at the whole plant level [74] . Thus, delayed senescence and a higher SLA in G132 could account for the small difference with WT in plant dry matter and grain yield at maturity (Table 6 ).
In conclusion, G132 may be unique among transformed plants with reduced amounts of Rubisco [9, 75] in showing no inhibition of Rubisco gene expression and enhanced Rubisco degradation. Although with low level of PORA transcript, G132 slowly accumulates Chl, with no inhibition of LHCII genes by protochlorophyllide accumulation [32] . In spite of the reduced PSII quantum efficiency, low Rubisco content and activity have an overriding influence on the photosynthesis of G132. The mutation has far-reaching effects on primary metabolism, development and final yield [74] . Due to its decrease in Rubisco content, which may optimize resource allocation among enzymes of carbon metabolism [7] , and to a lesser extent, its lower g s sensitivity to CO 2 [61] , the G132 mutant may prove to be a valuable resource for studies on barley adaptation to rising atmospheric CO 2 and climate change. Table 2 . Tables 2 and 3, where the statistical significance of the differences is shown. irradiance. lsd, least significant difference. Numbers in bold type represent significant effects (P<0.05). When an interaction is present, the significance of a main factor effect may depend on the level of the other main factor. Table 3 Content of proteins, amino acids and nitrate (mg g Fwt -1 ), and of a 33 kDa polypeptide as a percentage of Rubisco large subunit protein, in the youngest fully expanded leaf (leaf a) and the two preceding leaves (leaves b and c) of Graphic barley (WT) and its G132 mutant with 3-4 leaves unfolded (13-14 growth stage, Zadoks scale) and 5-7 leaves unfolded (15-17 stage), with the WT being more developed. lsd, least significant difference. Numbers in bold type represent significant effects (P<0.05). When an interaction is present, the significance of a main factor effect may depend on the level of the other main factor. 
